Introduction {#sec1}
============

Skin is an important barrier that prevents microorganisms from invading the human body.^[@ref1]^ However, this function will disappear if skin is damaged. If this occurs, microorganisms can easily invade and form colonies, which can lead to wound infection and hinder the healing process of a wound.^[@ref2]^ The most common bacterial species in wound infections are *Staphylococcus aureus* (*S. aureus*) and *Escherichia coli* (*E. coli*). *S. aureus* often causes severe sepsis, and *E. coli* can damage blood vessels and the heart.^[@ref3],[@ref4]^ Therefore, how to kill pathogenic bacteria is a problem that scientists have extensively explored. At present, the main antibacterial agent is antibiotics, such as vancomycin, amoxicillin, and gentamicin; however, antibiotics cannot achieve a rapid sterilization effect, and the abuse of antibiotics not only has strong toxic side effects on the body but also leads to the emergence of drug-resistant bacteria.^[@ref5],[@ref6]^ More than 13 million people worldwide die each year from new infectious diseases or diseases that were previously thought to be under control.^[@ref7]^

Therefore, determining how to develop a fast and effective sterilization strategy without using antibiotics is extremely urgent. In recent years, artificially synthesized materials with excellent photocatalytic properties or photothermal properties, such as Ti~3~C~2~^[@ref8]^ and MoS~2~,^[@ref9]^ have been attracting increased attention because some of them can produce reactive oxygen species (^1^O~2~, OH, •O^2--^) to kill bacteria when photoinspired electrons and holes are captured by surrounding oxygen, which has evolved into photodynamic therapy (PDT) for curing cancer or killing germs through the destruction of DNA, enzymes, and proteins.^[@ref10]^ The surface temperature of other materials, however, can rise to some extent under light irradiation due to the produced hyperthermia during this course, which can be employed to inactivate bacteria or cancer cells, i.e., so-called photothermal therapy (PTT).^[@ref11],[@ref12]^ Currently, it is difficult for single PDT or PTT from these artificial materials to achieve a satisfied therapeutic effect without impairing surrounding tissues, due to either insufficient ROS content or higher temperature.^[@ref13],[@ref14]^ In contrast, the combination of both PDT and PTT can achieve a better efficacy than for a single therapy.^[@ref15]^ Therefore, it is necessary to develop new artificial biomaterials with excellent photocatalytic and photothermal effects as well as desired biological functions. However, few studies have been reported on these kinds of materials.

A metal--organic framework (MOF) is a porous crystalline material comprising metal ions and organic ligands through coordination bonds, and MOFs have been used in biomedicine, energy power, and chemical catalysis.^[@ref16]−[@ref18]^ In biomedicine, MOFs are extensively used in medicine carriers because of the large specific surface, porosity, and chemical stability,^[@ref19]^ and some MOFs containing transition metal ions (ferrum, manganese) are used for *in vivo* imaging.^[@ref20],[@ref21]^ Due to the tunable metal ions and organic ligands, the MOF not only integrates the photosensitizer into the periodic array but also encapsulates some of the nanoparticles.^[@ref22],[@ref23]^ The incorporation of the photosensitizer as a ligand into the MOF not only limits the self-quenching phenomenon of the photosensitizer but also imparts new properties to the MOF.^[@ref24],[@ref25]^

Porphyrins which can produce ^1^O~2~ have been extensively studied as a metal organic framework of single ligands, such as PCN-224, PCN-223, etc.,^[@ref26]−[@ref28]^ and the reactive oxygen species (ROS) yield in MOFs is higher than that of individual porphyrin ligands.

The Prussian blue (PB) MOF, as a kind of photothermal material which is clinically ratified by the US Food and Drug Administration (FDA),^[@ref29]^ has attracted abundant attention. Prussian blue MOFs are extensively used in PTT on account of their simple preparation, good photothermal effect, low biotoxicity, and biodegradability.

In view of these factors, we synthesized a core--shell dual MOF heterostructure using the PB MOF as a core and a porphyrin-doped UIO-66-TCPP MOF as a shell, named PB\@MOF \[TCPP, tetrakis(4-carboxyphenyl)porphyrin\]. To endow it with both PTT and PDT properties, a metal--organic framework (MOF) using a porphyrin group is used as the shell; due to the existence of defects in the UIO-66, porphyrin ligands are incorporated into the crystal structure of UIO-66.^[@ref30]−[@ref32]^ The core--shell structure of PB\@MOF is shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}A. Through photothermal and photodynamic synergy, the dual MOF structure can achieve the effect of killing more than 99% of both the *S. aureus* and *E. coli* within 10 min of irradiation by 808 + 660 nm mixed light (dual light). The rapid sterilization mechanism of PB\@MOF is shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}B, and the rational photocatalytic mechanism for PB\@MOF heterojunction photocatalysts is shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}C.

![Schematic Diagram of the Structure and Antibacterial Mechanism of PB\@MOF\
(A) Schematic illustration of the core--shell structure of PB\@MOF. (B) Schematic illustration of the bacteria killing processes with the PB\@MOF under dual light irradiation. (C) Schematic illustration of rational photocatalytic mechanism for PB\@MOF heterojunction photocatalysts.](oc9b00639_0008){#sch1}

Results and Discussion {#sec2}
======================

Synthesis and Characterization of PB\@MOF {#sec2.1}
-----------------------------------------

In this work, porphyrin-doped UIO-66 MOFs (UIO-66-TCPP, MOF) are synthesized; according to the transmission electron microscopy (TEM) ([Figure S1A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)) and scanning electron microscopy (SEM) pictures ([Figure S1B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)), the average size of the MOF is about 70 nm. The ^1^H nuclear magnetic spectroscopy (NMR) spectrum of the MOF proves that TCPP is incorporated into the UIO-66 crystal, and the ratio of BDC to TCPP is 32:1 ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf); BDC, terephthalic acid). PB MOFs are prepared from K~3~\[Fe(CN)~6~\] and polyvinylpyrrolidone (PVP). According to the TEM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) and SEM pictures ([Figure S3A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)), the synthesized PB MOFs show a cubic morphology, and the average size of PB is approximately 260 nm. After being coated with the porphyrin-doped UIO-66 MOF, the synthesized PB\@MOF still exhibits a cubic morphology, and the average size of the PB\@MOF is approximately 300 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B and [Figure S3B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)). In addition, the core--shell structure can be seen explicitly, and the thickness of the outer MOF shell is approximately 20 nm, which proves the successful synthesis of PB\@MOF ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). We also have considered whether it is possible to use other porphyrin-based MOFs as shells, such as PCN-224, but we find it difficult for PB\@PCN-224 to form a core--shell structure ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)). The element compositions of the dual MOFs can also be determined by TEM--EDX spectra and the EDX elemental mapping data (EDX, energy-dispersive X-ray spectroscopy). It is evident that Zr appears in the EDX obtained from PB\@MOF ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C). According to the EDX mapping images ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D), the elemental Zr is located in the shell; the elemental Fe and N are mainly located in the nucleus, and the elemental C and O are located in the whole nanostructure. To demonstrate the successful synthesis of the dual MOF further, X-ray diffraction (XRD) pictures of the PB\@MOF, PB, and MOF were performed. The peaks obtained from PB can be indexed to the face-centered cubic lattice of Fe~4~\[Fe(CN)~6~\]~3~ nanocubes according to JCPDS 73-0687 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E).^[@ref29]^ When porphyrin-doped MOF is grown on PB, some new peaks appear at 7.36° and 8.48°, which show a great match with the diffraction peak of the pure porphyrin-doped MOF.^[@ref33]^ These results reveal the formation of the MOF phase onto the surfaces of PB. To study the nucleation process of the MOF on the surface of PB, we perform the TEM of PB\@MOF for different reaction times. We find that there is already a layer of the MOF on the surface of PB at 0.5 h of reaction, and there are almost no separate MOF nanoparticles in the solution. With the extension of time, the thickness of the MOF on the surface of PB increases, and the XRD results also indicated the formation of the MOF ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)). According to the FT-IR spectrum ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}F), the telescopic oscillation of the C≡N bond shows a strong peak at 2090 cm^--1^, which is vested in the PB MOF, and a peak at 499 cm^--1^ related to the bending of Fe---C≡N---Fe can be perceived.^[@ref29]^ In the spectrum of the porphyrin-doped sample, the peak at 1581 and 1400 cm^--1^ is related to the asymmetric and symmetrical vibrations of O---C＝O belonging to the organic ligand, respectively. The oscillation of C＝C bonds in the benzene ring is located at 1506 cm^--1^, and the C---H band in the benzene ring is located at 770--702 cm^--1^.^[@ref34]^ The synthesized dual MOF of PB\@MOF possesses all the characteristic peaks mentioned above, which can further illustrate the successful synthesis of the core--shell structure. The porosity of PB\@MOF is examined by a nitrogen adsorption and desorption experiment at 77 K. On the basis of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}G, the Brunauer−Emmett−Teller (BET) surface area of PB\@MOF is 362.3 m^2^ g^--1^, and the pore size distribution of PB\@MOF is composed of micropores (1.47, 1.61, and 1.85 nm) and mesoporous pores (the pore size distribution centered at 2.64 nm). At the same time, we test the BET of different materials (PB, UIO-66, and MOF) (details are described in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)); by comparing the BET and pore diameter of these materials, we find that the insertion of PB and TCPP reduced the BET of PB\@MOF but hardly changed its pore size distribution. To further determine the elemental compositions of the PB\@MOF structure, XPS was performed (details are described in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)).

![Basic morphology of PB, PB\@MOF, and MOF. TEM pictures of (A) PB and (B) PB\@MOF, scale bar = 50 nm. (C) TEM-EDX of PB\@MOFs. (D) EDX elemental mapping images of PB\@MOFs. (E) XRD patterns and (F) FT-IR spectra of PB, PB\@MOF, and MOF. (G) The isotherm of nitrogen adsorption--desorption and the pore size distribution of PB\@MOF were obtained at 77 K.](oc9b00639_0001){#fig1}

The MOF with a core--shell structure has attracted considerable attention. First, due to the MOF's shell coating, it can avoid the aggregation and migration of nanostructures with high surface energy and small size, thus maintaining the chemical structure and stability of the nanostructure core.^[@ref35]^ In addition, this core--shell structure can effectively combine the advantages of the core MOF and the MOF shells, thus endowing new physicochemical properties of dual MOFs that are not available in a single MOF. In this work, the outer surface of the PB MOF is coated with macromolecular PVP, and thus, the oxygen in the carbonyl group (C＝O) of PVP can bind to the zirconium ions in the MOF, thereby promoting subsequent growth of the MOF on their surface.^[@ref36]^ Therefore, the dual MOF structure of PB\@MOF can be manufactured by using PVP-modified PB as a crystal nucleus. This core--shell structure not only can endow the dual MOF of PB\@MOF with the photothermal effect of PB MOFs but also has the photodynamic effect of porphyrin, which can exhibit excellent synergistic effects.

Photocatalytic Properties {#sec2.2}
-------------------------

The optical properties of the materials are investigated by UV--vis spectroscopy. For PB\@MOFs, the absorption of the PB core in the NIR region is attenuated due to the encapsulation of the MOF shell, but an additional peak from the absorption of porphyrin appeared, which further demonstrates the formation of the core--shell complex ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). The production of photocatalytic reactions requires efficient production and immediate separation of photochemical charge carriers and can be analyzed by photoluminescence (PL) emission spectroscopy ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B) since photoluminescence results from the recombination of free charge carriers.^[@ref37]^ Contrasted to the pure MOF, the PB\@MOF complex shows a feeble emission spectrum; the result shows the fast charge shift in PB\@MOF. To comprehend the improvement of photoinduced charge carrier separation efficiency further, the transient photocurrent response curves of PB, PB\@MOF, and MOF are measured with three 660 nm red light on--off cycles in standard three-electrode systems. The photocurrent density of PB\@MOF composites is significantly higher than those of PB and MOF ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C), which proves that the separation of photogenerated electron--hole pairs can be effectively promoted after PB is encapsulated. In addition, electrochemical impedance spectroscopy (EIS) is performed to gain a deeper understanding of the resistance of charge transfer, and the separation efficiency of the photoelectrode ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D).^[@ref38],[@ref39]^ The result of the EIS measurement indicates that the slope of PB\@MOF is smaller than PB and MOF, and the slope of PB\@MOF after illumination is lower than that of the in-dark group; the above results indicate that the PB\@MOF heterojunction has a small charge transfer resistance and a fast charge transfer rate. According to the results of linear sweep voltammetry (LSV) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E), the PB\@MOF shows a significant increase in photocurrent as the bias potential increased compared to pure PB and PB\@MOF, indicating that photoinduced electron--hole recombination is blocked, which accelerates electron transfer.^[@ref40],[@ref41]^ To better explore the recombination process of electron holes in PB\@MOF, we carried out the time-resolved photoluminescence experiments. The standardized decay curves are shown in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf). The fluorescence lifetimes of pure MOF and PB\@MOF heterojunctions are 1.597 and 4.956 ns, respectively. The PB\@MOF composite has a longer average decay time than pure MOF, indicating a relationship between the MOF and PB. The formed heterojunction interface can accelerate the photogenerated charge transfer, and the photoelectron--hole pair recombination is inhibited.^[@ref42],[@ref43]^ The electronic band structure of PB and MOF is further studied by detecting the Mott--Schottky diagram. PB and MOF show a positive slope according to the Mott--Schottky plot when the frequency is 10 Hz ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F,G), indicating that both materials are n-type semiconductors.^[@ref44]^ According to the result of the Mott--Schottky plot, the flat band positions of PB and MOF are approximately −1.11 and −0.69 V, severally, with reference to the saturated calomel electrode (SCE). Some research has reported that the conduction band (CB) of the n-type semiconductor is usually 0.1--0.2 V deeper than the potential of the flat band.^[@ref45]^ Here, the voltage difference between the CB value and the flat potential value is set to 0.1 V, so the CB values of the PB and MOF are estimated to be −1.21 and −0.79 V, respectively. The CB of PB and MOF can be estimated to be −0.61 and −0.19 V versus the normal hydrogen electrode (NHE), respectively. Arnett et al. report that PB can be photoinduced to transfer its charge from Fe^III^--NC--Fe^II^ (the ground state) to Fe^II^--NC--Fe^III^ (the excited stated).^[@ref46]^ It is reported that the band gap of PB is 1.75 V.^[@ref47]^ Therefore, the valence band (VB) of PB is 0.54 V, and 1.14 V versus NHE. According to the Tauc plot of the MOF ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)), the band gap of the MOF is counted to be 1.83 V, and therefore, the VB of the MOF is 1.04 V, and 1.64 V versus NHE. Because the CB of PB is lower compared to the CB of the MOF, electrons excited from the PB VB to the CB can be transported to the CB of the MOF. A rational photocatalytic mechanism for PB\@MOF heterojunction photocatalysts is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}H. To evaluate the photocatalytic properties of PB\@MOF, 1,3-diphenylisobenzofuran (DPBF) that can react with ^1^O~2~ is used to detect the yields of the ^1^O~2~. The fluorescence intensity of DPBF at 420 nm is decreased when reacting with ^1^O~2~. When irradiated under 660 nm red light, the absorption intensity of DPBF obtained from PBS with pure PB at 420 nm has no change regardless of irradiation time ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). However, it decreases sharply for PB\@MOF as the irradiation time increases ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B), indicating that PB has no photocatalytic properties, whereas the PB\@MOF can produce ^1^O~2~ when 660 nm red light is the used light source. In addition, the output of ^1^O~2~ increases with increasing exposure time. The descending values of the above two groups at 420 nm are plotted as a curve ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). Furthermore, no ^1^O~2~ is produced when NIR 808 nm (0.5 W cm^--2^) serves as a light source, and there are few differences between the two sets on the basis of the comparison curves ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D--F). However, when irradiated with dual light, the trends of absorption intensity of DPBF are the same as for the groups under 660 nm red light alone ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}G--I). These results indicate that only 660 nm red light rather than 808 nm NIR can trigger the photocatalytic activity of synthesized MOFs of PB\@MOF to generate ^1^O~2~. In contrast, there is no ^1^O~2~ generation regardless of the kind of light irradiation when PB is detected, and the amount of ^1^O~2~ yield of the pure MOF is lower than for the PB\@MOF ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)). This result may be due to the formation of a heterojunction between the outer MOF and the internal PB, which accelerates the charge transport efficiency and separation efficiency of photogenerated electron--hole pairs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), which is beneficial for the production of active oxygen. PVP molecules between PB\@MOF may play the role of a bridge for electronic transmission, but pure PVP has no photodynamic effect ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)). Because of the capability of producing reactive oxygen species, this dual MOF material has the potential for photodynamic therapy materials. To research the effect of TCPP content on the yield of ROS, we have synthesized three kinds of PB\@MOFs with different amounts of TCPP, which are named 0-PB\@MOF, 0.5-PB\@MOF, and 1.5-PB\@MOF, respectively. As shown in [Figure S12A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf), when TCPP is not doped in PB\@MOF, there is no ^1^O~2~ generation, indicating that TCPP does give material with a photodynamic therapy ability. The ^1^O~2~ yield of 0.5-PB\@MOF is lower than that of 1.5-PB\@MOF, indicating that the yield of ^1^O~2~ will increase with the amount of TCPP increasing ([Figure S12B--D](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)). At the same time, we confirm that TCPP will not be released from PB\@MOF in the short term through a TCPP sustained release test and ROS test (details are described in [Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)).

![Photoelectrochemical characterization of PB, PB\@MOF, and MOF. (A) UV--vis spectra of PB, PB\@MOF, and MOF. (B) PL spectra for PB, PB\@MOF, and MOF at an excitation wavelength of 420 nm. (C) Transient photocurrent response curves of PB, PB\@MOF, and MOF. (D) EIS spectra for PB, PB\@MOF, and MOF. (E) LSV curves of PB, PB\@MOF, and MOF. Mott--Schottky plots of (F) PB and (G) MOF. (H) Rational photocatalytic mechanism for PB\@MOF heterojunction photocatalysts.](oc9b00639_0002){#fig2}

![^1^O~2~ detected by DPBF degradation of PB and PB\@MOF. (A) PB + 660 nm red light. (B) PB\@MOF + 660 nm red light. (C) Contrast curve between PB and PB\@MOF under 660 nm red light. (D) PB + 808 nm NIR. (E) PB\@MOF + 808 nm NIR. (F) Comparison curve between PB and PB\@MOF + 808 nm NIR. (G) PB + dual light. (H) PB\@MOF + dual light. (I) Comparison curve between PB and PB\@MOF + dual light.](oc9b00639_0003){#fig3}

Photothermal Effects {#sec2.3}
--------------------

PB has an excellent PTT performance under 808 nm NIR light irradiation, but the pure MOF and PVP show no obvious photothermal property, and the photothermal effect of PB\@MOF is lower than that of pure PB on account of the presence of the external MOF shell ([Figure S14A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)). For PB\@MOF, the temperature increase with the concentration is increased under 808 nm NIR illumination ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B). For the 100 μg mL^--1^ PB\@MOF solution, the temperature of PB\@MOF can exceed 50 °C at 5 min. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C, the temperature of PB\@MOF exhibits a stable PTT effect with or without 808 nm light irradiation, and the same phenomenon is observed in subsequent cycles, indicating that PB\@MOF has excellent photothermal stability. The PB\@MOF illuminated with dual light shows a photothermal curve similar to that at the near-infrared 808 nm ([Figure S14B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)), which means that PB\@MOF has no photothermal effect when 660 nm red light (78.5 mW) is used as the light source. At the same time, we also carry out the photothermal curve of three kinds of PB\@MOFs (0-PB\@MOF, 0.5-PB\@MOF, 1.5-PB\@MOF) under the 808 nm NIR irradiation, and the results show that the photothermal effect of three kinds of PB\@MOFs is similar ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D reveals the linear regression curve of the negative natural logarithm of temperature and time of PB\@MOF during the cooling phase. When τ~s~ is 173.91 s, the photothermal conversion efficiency of PB\@MOF is 29.9%.

![Photothermal properties characterization. (A) Photothermal experiments of the different concentrations of PB\@MOF in the PBS aqueous solution at 808 nm NIR (0.5 W cm^--2^) illumination. (B) Real-time infrared thermal images for different concentrations of PB\@MOF solution under 0.5 W cm^--2^ 808 nm NIR for 10 min. (C) Transient thermal measurements of the PB\@MOF (100 μg mL^--1^) under repeated laser on--off cycles of NIR light irradiation (0.5 W cm^--2^). Three cycles of 808 nm light irradiation are carried out, and each cycle consists of 10 min of irradiation followed by a 10 min cooling phase. (D) Linear relation between time and −ln(θ) counted from the cooling stage of repeated laser on--off cycles of NIR light irradiation (0.5 W cm^--2^).](oc9b00639_0004){#fig4}

*In Vitro* Antibacterial Ability {#sec2.4}
--------------------------------

The antimicrobial efficiencies of different concentrations of PB\@MOF solution (50, 100, and 200 μg mL^--1^) under various light illuminations for 10 min are exhibited in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A exposes that bacteria grow well for all PB\@MOFs regardless of concentration, which is almost the same as for the control group after being cocultured with bacteria for 10 min in darkness, indicating that PB\@MOF has no antibacterial activity in the dark. For the control group (pure PBS), there is no antibacterial effect regardless of the kind of light irradiation, suggesting that pure light (808 nm NIR, 660 nm red light, or dual light) cannot kill bacteria. The antibacterial efficacy of PB\@MOF increases with the increase of the concentration of PB\@MOF under 808 nm NIR light, 660 nm red light, or dual light. When 808 nm NIR is applied to irradiate the material (100 μg mL^--1^) for 10 min, the temperature rises to 50 °C in the fifth minute, and the temperature is kept at 50--55 °C for 5 min. As the concentration of PB\@MOF increases from 50 to 200 μg mL^--1^, the corresponding antibacterial efficiency against *S. aureus* is increased from 31.61% to 67.30%, while that value ranges from 15.13% to 58.71% under irradiation by 660 nm red light alone ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). It is evident that the antibacterial efficacy resulting from the photothermal effects is better than that from photodynamic effects. This may be because there is too little oxygen in the bacterial fluid, which results in a small production of ^1^O~2~, and ROS displays a transient lifetime (\<40 ns) and a short diffusion distance (approximately 10 nm). Therefore, it is difficult for ROS to contact with bacteria or enter bacteria. Therefore, it does not achieve a good antibacterial effect.^[@ref48]^ Compared to the ROS, the photothermal property has a continuous heating effect on the bacteria. The photothermal effects can easily change the permeability of the bacterial cell membrane and denature the proteins and enzymes therein.^[@ref49]^ Therefore, it is easier to kill bacteria than ROS. In contrast, the corresponding bacteria-killing efficacy against *S. aureus* is increased from 69.14% to 99.99% for exposure to the dual light illumination, indicating that dual light irradiation can achieve much better antibacterial efficiency than either 660 or 808 nm light alone, which is ascribed to the reasons as follows. On one hand, PB can enhance the photocatalytic properties by transferring the electrons to the porphyrin-doped MOF, which can be confirmed by [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, thus enhancing the ROS yields ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). On the other hand, both ROS and hyperthermia can assist each other while killing bacteria to achieve synergistic effects. *E. coli* exhibits the same phenomena as the aforementioned *S. aureus* on the basis of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C,D. Under three kinds of cases (808 nm, 660 nm, and dual light), the corresponding antibacterial rates of 200 μg mL^--1^ PB\@MOF are 76.13%, 64.05%, and 99.99%. To investigate how the amount of TCPP affects the antibacterial efficacies, we also carry out the antibacterial experiment of three kinds of PB\@MOF (details are shown in [Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)); the antibacterial results showed that the antibacterial rate of the material increases with the TCPP content increasing under dual light irradiation. We also performed antibacterial experiments on different components (PBS, PB\@UIO-66, PB, PB\@MOF, and MOF) ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)). The experimental results showed that the antibacterial rate of PB\@UIO-66 against *S. aureus* under dual illumination was 53.87%, and the antibacterial rate against *E. coli* was 51.9%; however, PB\@MOF has an antibacterial rate of more than 99% for both bacteria under dual illumination, so this further indicates that PB\@MOF has a good antibacterial effect under the synergistic photothermal and photodynamic effect. The form and membrane completeness of *S. aureus* and *E. coli* are examined by SEM. [Figures S18 and S19](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf) show that the live bacterial membrane is smooth and complete, but the membrane of dead bacteria is fractured. For the control group, the bacterial membrane is not ruptured either in the dark for 10 min or under different light (808 nm NIR, 660 nm red light, and dual light) for 10 min. When PB\@MOF is cultivated in darkness for 10 min, the bacterial membrane is complete and smooth, which indicates that the material is almost nontoxic to bacteria, but after exposure to light (808 nm NIR, 660 nm red light, and dual light) for 10 min, the film of the bacteria becomes rough and wrinkled or even broken, as marked by a red arrow. According to the result, we can know that both PDT and PTT can kill bacteria. To more intuitively observe the antibacterial effect of the material, LIVE (green)/DEAD (red) kit fluorescence microscopy is used ([Figures S20 and S21](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)). Only some bacteria show red fluorescence; most show green fluorescence when using 808 nm NIR or 660 nm red light alone, but when using dual light, the bacteria are almost all red, which demonstrates the combined effect of PDT and PTT sterilization.

![Photographs of bacterial colonies formed by (A) *S. aureus* and (C) *E. coli* and corresponding antibacterial rates of (B) *S. aureus* and (D) *E. coli* under the conditions of darkness and after exposure to 808 nm NIR, 660 nm red light, and dual light for 10 min (*n* = 3, \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001).](oc9b00639_0005){#fig5}

To further study the antibacterial activity samples, the internal structures of the membrane damage of bacteria of *S. aureus* and *E. coli* are observed by TEM ([Figure S22A--D](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)). When under dark conditions, *S. aureus* and *E. coli* have smooth walls or membranes and an intracellular matrix that are integral. However, after 10 min of exposure to dual light, the cell walls of *S. aureus* and *E. coli* degenerated and ruptured, creating intracellular cytoplasmic efflux (red arrows indicate leaked proteins and lysed bacterial membranes). The BCA experiment further demonstrates the superiority of dual illumination by measuring the protein effluxes of *S. aureus* ([Figure S22E](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)) and *E. coli* ([Figure S22F](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)) under different conditions (light and dark). These results indicate that, under dual light illumination, the material exhibits good PTT and PDT effects; PTT changes the osmosis of bacterial membranes and reduces bacteria activity, while ROS-mediated oxidative stress impairs bacterial metabolism, and the membrane structure eventually leads to cell death.^[@ref15]^

*In Vitro* Toxicity Assays {#sec2.5}
--------------------------

The *in vitro* cytotoxicity of the synthesized material is tested through MTT and cell fluorescence staining detection. PBS (control group), PB\@MOF (50, 100, 200 μg mL^--1^), PB (100 μg mL^--1^), MOF (100 μg mL^--1^), and NIH-3T3 cells are cocultured for 1 day in an incubator at 37 °C. According to [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A, the pure MOF has essentially no cytotoxicity, probably because zirconium is a biocompatible metal ion. However, PB has low cytotoxicity, with a cell viability of 84%. The toxicity of PB\@MOF increases with the concentration increasing, but the survival rate of 200 μg mL^--1^ is still 83%. [Figure S23](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf) shows, at 37 °C, the cumulative concentration of Zr ions and Fe ions released from the PB\@MOF in the PBS. The samples show continuous ion release. The reason for the good biocompatibility of materials may be because the zirconium ions and iron ions released from the MOF are nontoxic.^[@ref50]^ To investigate the effects of light on cells, we performed a light MTT experiment. According to [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B, the toxicity of the material is increased compared to the dark MTT, which may be because the active oxygen and heat generated by the material under illumination destroy the cells, but overall, even under the most cytotoxic concentration (200 μg mL^--1^), the material still has 53% of the living cells after illumination, indicating that the material can be used in clinical trials. To more intuitively evaluate the biocompatibility of materials, cell fluorescence is performed. Contrasted to the control group, the liveness of cells in the PB group is low, and it is not spreadable ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C). In contrast, the cell spreading is facilitated in the MOF group. As the concentration of PB\@MOF increases, the activity of the cells is reduced, but there is still a good spread, indicating that the toxicity of the material is not large. Both fluorescent staining and MTT assays show that the materials have no negative effect for the cell, demonstrating good biocompatibility.

![(A) MTT assay of cell viability and (B) corresponding MTT assay of cell viability via different light treatments for 10 min. (C) Fluorescent images of cells after cultivating with different materials (control, PB, MOF, PB\@MOF; scar bar, 50 μm; *n* = 3, \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001).](oc9b00639_0006){#fig6}

*In Vitro* Animal Experiment {#sec2.6}
----------------------------

To detect the PDT and PTT synergistic antibacterial effects to facilitate extracorporeal wound healing, a 20 μL *S. aureus* (1 × 10^8^ CFU mL^--1^) solution is appended to the round wounds. Then, a 10 μL solution \[PB\@MOF (100 μg mL^--1^) or PBS (pH = 7.4)\] is appended to the wound, and then, the wound was exposed to dual illumination for 10 min. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a demonstrates the wound healing process on different days. In contrast to the control and 3 M groups, after 4, 8, and 14 days of treatment, the best wound healing rate is obtained in the dual light illumination group; the wound is healed entirely at 14 days. [Figure S24](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf) shows the quantitative change in the wound area over time. The 3 M and dual light groups are better than the control group at 4, 8, and 14 days, but the dual light group is better than the 3 M group. This confirms that PDT and PTT synergistic antibacterial effects have a good promoting effect on wound healing. The wound treated differently is stained with Giemsa and hematoxylin and eosin (H&E) and photographed. The wound stained by Giemsa on the second day is demonstrated in [Figure S25](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf). High-magnification pictures display live bacteria in the injured tissue (red arrow). More germs are found in the control group, while the bacteria in the 3 M group are significantly fewer in number than in the control group. In contrast, much fewer bacteria are observed in the group irradiated with dual light than in the 3 M group. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B shows pictures of the three groups stained by H&E at different points in time (2, 4, 8, and 14 days). After 2, 4, and 8 days, vast inflammatory cells (neutrophils) appeared in the control group, and some inflammatory cells (red arrows) are noticed in the 3 M group. However, inflammatory cells are few in the dual illumination group. For the experimental group and 3 M groups, when it is at 14 days, the inflammatory cells in the wound are very rare. The results of Giemsa and H&E staining can demonstrate that PDT and PTT have excellent synergistic antibacterial effects and can promote wound healing. The effect of microscopic treatment *in vivo* is determined by routine blood analysis ([Figure S26](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf)). The parameters of neutrophils and white blood cells (WBCs) are all within normal range. The histological analyses of the main organs (heart, liver, spleen, lung, and kidney) display no unusual phenomenon or injuries for 14 days of therapy, indicating that PB\@MOF is safe *in vivo*.

![*In vivo* antibacterial experiments and wound healing. (A) Photographs of a wound in the group of control, 3 M, and PB\@MOF at different points of 0, 2, 8, and 14 days. (B) Staining the histological pictures of the wounds after disposing with control, 3 M, and PB\@MOF at different points of 0, 2, 8, and 14 days with H&E. Scar bars are 50 μm.](oc9b00639_0007){#fig7}

Conclusion {#sec3}
==========

In summary, a dual metal organic framework (PB\@MOF) with both photothermal and photodynamic properties has been successfully prepared. This material has a poor antibacterial effect under single illumination (808 nm NIR or 660 nm red light) for 10 min. However, its antibacterial effect has been greatly improved once it is irradiated with dual light for 10 min. The antibacterial rates to *S. aureus* and *E. coli* are 99.31% and 98.68%, respectively, demonstrating that this material exhibits a good antibacterial effect through photothermal and photodynamic synergistic action.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.9b00639](http://pubs.acs.org/doi/abs/10.1021/acscentsci.9b00639).Additional figures including basic morphology and structure characterization, time-resolved PL spectra, Tauc plot, ^1^O~2~ detection, photothermal effect test, antibacterial experiment, live/dead staining, Zr and Fe ion amounts, and *in vivo* evaluation ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00639/suppl_file/oc9b00639_si_001.pdf))
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